The tightly regulated opening and closure of ion channels underlies the electrical signals that are vital for a wide range of physiological processes. Two decades ago the first atomic level view of ion channel structures led to a detailed understanding of ion selectivity and conduction. In recent years, spectacular developments in the field of cryo-electron microscopy have resulted in cryo-EM superseding crystallography as the technique of choice for determining near-atomic resolution structures of ion channels. Here, we will review the recent developments in cryo-EM and its specific application to the study of ion channel gating. We will highlight the advantages and disadvantages of the current technology and where the field is likely to head in the next few years.
Ion channels are the molecular building blocks of electrical signalling
Ion channels are integral membrane proteins that generate electrical signals in cells (Armstrong & Hille, 1998) . Ion channel activity is critical for a wide range of physiological functions including information transfer in the nervous system, the rhythm of the heartbeat, hormone secretion and fluid homeostasis. The importance of ion channels is further underscored by the number of diseases caused by inherited mutations in genes encoding ion channels, the so-called channelopathies (Ashcroft, 2000) . Analysis of protein structures at atomic level resolution, most commonly using X-ray crystallography, has provided unparalleled insights into how proteins work. In the case of ion channels, crystallographic studies of the bacterial KcsA potassium channel underpin our understanding of the chemical basis of ion selectivity and conduction (Doyle et al. 1998; Zhou et al. 2001) . The structural analysis of ion channel proteins, however, has lagged behind the study of soluble proteins. This is due to multiple factors, not least of which is the inherently dynamic nature of ion channel proteins which makes them hard to crystallize. However, as with all proteins whose function is mediated by rapid conformational changes, it is their inherent dynamics that makes them so critical for physiological processes as well as fascinating to study.
The latest exciting development in the quest to understand the molecular basis of how these exquisite nano-machines work is the 'resolution revolution' in cryoelectron microscopy (Kuhlbrandt, 2014) . Cryo-EM not only removes the need for crystallization (see below) but can also capture the full range of a protein's conformational states. For these reasons, the spectacular improvements in the resolution of cryo-EM have been of particular interest for the study of dynamic proteins such as ion channels. Indeed, the important contribution that cryo-EM has made to modern biomedical research is reflected in the recent awarding of the Nobel Prize in Chemistry to Joachim Frank, Richard Henderson and Jacques Dubochet "for developing cryoelectron microscopy for the high-resolution structure determination of biomolecules in solution" (https://www. nobelprize.org/nobel_prizes/chemistry/).
A brief overview of cryo-EM
It is not our intention here to give an extensive overview of the methods for solving protein structures using cryo-EM as there are many excellent reviews that have covered this topic in recent years Cheng, 2015; Vinothkumar & Henderson, 2016; Liu et al. 2017) . However, it is worth giving a brief overview for non-structural biologists to highlight why there has been so much excitement caused by the recent improvements in cryo-EM.
In contrast to X-ray crystallography, which relies on crystals containing a highly ordered array of protein molecules, cryo-EM (single particle analysis) utilizes thousands of randomly orientated particles to determine the structure. Purified protein is snap frozen in a thin layer of vitrified ice, preserving its in-solution structure. In the case of dynamic proteins such as ion channels, the steady-state distribution of the population of conformations is also captured. These images are then computationally clustered based on protein orientation and conformation before being combined into 3D density maps. However, extracting this information can be challenging as micrographs are typically noisy with low contrast due to the low electron doses that are used to reduce radiation damage and minimize motion-induced artefacts caused when electrons interact with the sample.
The recent advancements in electron detection hardware and image processing algorithms have played an important role in tackling these issues. Old generation charge-coupled device (CCD) electron cameras detect electrons indirectly (Faruqi & Henderson, 2007) by converting electrons to photons with a scintillator for subsequent detection by semiconductors. These could therefore produce multiple readouts (i.e. noise) from a single incident electron due to the scattering of light across pixels. The new generation of cameras, called direct electron detector (DED) cameras, detect electrons using electronics that are fabricated on a thin semiconductor membrane, thereby easily detecting individual incident electrons. Moreover, the detective quantum efficiency (DQE) of DEDs when operated in electron counting mode is much higher than CCD cameras, especially at high spatial frequency, allowing more atomic information to be captured (Kuijper et al. 2015) . The fast readout speed of DED cameras provides yet another advantage as it allows a single micrograph to be recorded as a movie with separated frames. Together with newly developed algorithms, beam-induced motion and sample drift (stage movement) can be compensated computationally (Campbell et al. 2012) . In addition, advances in image processing algorithms based on maximum likelihood methods has enabled data processing with a minimum amount of user input thereby reducing the chance of overfitting (Scheres, 2012) . Together, these advances have improved the resolution of cryo-EM and unveiled the structures of many ion channels in the past 5 years.
The workflow for a typical cryo-EM experiment is summarized in Fig. 1 and for a more detailed review on the process involved in single particle cryo-EM and image processing readers are referred to the excellent recent reviews by Cheng et al. (2015) and White et al. (2017) .
Cryo-EM studies of ion channels
For over 50 years, electron microscopy has been used to study the structure of biomolecules (De Rosier & Klug, 1968; Dubochet et al. 1971 Dubochet et al. , 1981 and in the case of large and highly symmetrical particles, such as viruses, it has been possible to achieve near-atomic resolution (3.8Å) structures for as many as 10 years (Zhang et al. 2008) . Cryo-EM has also been used to study structures of ion channels for over 20 years (Radermacher et al. 1994) , albeit at limited resolution until recently. A major advantage of using cryo-EM to study protein structure is that protein particles are frozen directly from solution making it possible to capture different conformational states of a channel in proportion to their steady-state distribution (see Fig. 2 ). Although, in practice most investigators still try to generate samples under conditions where occupation of a single state is heavily favored as this simplifies the subsequent data analysis. Nigel Unwin exploited this to determine structures of both the open and closed state of the nAChR by freeze-trapping the open state following rapid application of the activating ligand (Unwin, 1995; Miyazawa et al. 2003; Unwin & Fujiyoshi, 2012) . In contrast, when using X-ray crystallography to compare apo-and ligand bound states it is often necessary to purify the two states separately and use different crystalisation conditions to obtain high-resolution structures for the different states (Armstrong et al. 2003; Song et al. 2017) .
The last 5 years have seen spectacular improvements in the resolution of cryo-EM and ion channel structural biologists have been at the forefront of utilizing these technical improvements to determine multiple structures from every 6 transmembrane domain 1 pore domain Figure 1 . Workflow for cryo-EM structure determination Proteins are overexpressed recombinantly in the expression system of choice, but purification from natural source is also possible as cryo-EM requires less sample than X-ray crystallography (6TM1P) ion channel subfamily (see Table 1 ). Due to space constraints, we will focus in this review on a few examples that demonstrate the power of cryo-EM rather than provide an exhaustive overview.
TRP channels
The resolution revolution began with the first ever near-atomic resolution (3.4Å) structure of a transient receptor potential (TRP) channel Liao et al. 2013) , which belongs to an ion channel family that has been particularly resistant to crystallization. Using cryo-EM, the Cheng and Julius lab has determined structures of the TRPV1 channel in the unliganded closed state , as well as the open state (toxin bound or capsaicin bound; Cao et al. 2013) . They were able to determine these structures by simply incubating purified proteins with ligand (capsaicin) or activating toxins (DkTx and RTx) before sample vitrification. These studies together revealed for the first time the structural basis of gating in this important channel family as well as revealing both similarities (e.g. the domain swap architecture within the transmembrane regions) and differences (extensive intra-subunit interactions in the cytoplasmic domains) between TRP and the architecturally similar voltage-gated ion channels. These were the first structures of any ion channel that enabled identification of side-chains using cryo-EM (Fig. 3) . It was achieved by utilizing many of the technical developments that ushered in the resolution revolution including the use of direct electron detector and movie mode recording to correct for beam-induced motion. They also demonstrated that amphipols-stabilized membrane proteins can be used for cryo-EM structural determination if the use of detergents is undesirable. These papers were also noteworthy for the very detailed methodology and extensive supplementary material included with the manuscript that provides a detailed blueprint for how to follow in their footsteps.
Since 2013, more structures of the TRP family have been determined using cryo-EM, including TRPA1 (Paulsen et al. 2015) , TRPN , and TRPV1 purified in the presence of lipid nanodiscs (Gao et al. 2016) , which identified the role of lipids in influencing toxin binding. Recently, structures of TRPML determined in amphipol (Hirschi et al. 2017) , nanodisc , and detergent (Schmiege et al. 2017 ) have been published back-to-back by three different laboratories highlighting the potential of cryo-EM for structural determination of difficult-to-crystallize proteins.
Ryanodine receptor
The ryanodine receptor type 1 (RyR1) is the largest mammalian ion channel, with a mass of ß2.2 MDa for the functional tetramer, which has made it an attractive target for cryo-EM studies for over 25 years (Radermacher et al. 1992 (Radermacher et al. , 1994 . It is predominantly expressed in skeletal muscle and regulated by a wide range of small molecules (most notably Ca 2+ and ATP), as well as interacting protein partners (e.g. voltage-gated calcium channel, immunophilins FKBP12). Functional studies of the RyR1 channel have also shown inconsistent results due to the different conditions used to purify and reconstitute the protein from the inner membrane. These subtle differences in purification methods were suggested to result in the presence or absence of different binding partners. Direct visualisation of proteins prepared under different conditions has therefore been a long-term goal in the field.
In January 2015 three groups published cryo-EM structures of the type 1 ryanodine receptor (Efremov et al. 2015; Yan et al. 2015; Zalk et al. 2015) . The resolutions of these structures ranged from 3.8Å to 6.1Å. At this resolution, it was possible to obtain a detailed analysis of the overall architecture and in some parts model side-chain orientations. There were a number of notable features in these structures. First, the architecture of the transmembrane region was broadly similar to that of the voltage-gated ion channels, including the characteristic domain swap architecture whereby the 'voltage-sensor' domain of one subunit swaps over to interact with the pore domain of a neighbouring subunit. Second, both the intracellular and extracellular entrances to the pore domain contain numerous acidic residues that would attract cations to the mouth of the channel, thereby contributing to its high conductance Zalk et al. 2015) . The two higher resolution studies also identified a novel cytosolic linker between the second and third transmembrane domains that interacts with the Ca 2+ binding EF-hand motifs in the cytosolic assembly, thereby suggesting a plausible mechanism by which Ca 2+ binding to the cytosolic domains could allosterically modulate pore gating.
Efermov and colleagues exploited the power of cryo-EM to capture different conformational states by solving structures of an open conformation (in the presence of 10 mM Ca 2+ ) and a closed conformation (in the presence of EGTA) (Efremov et al. 2015) . Whilst the resolution of these structures was lower (8.5Å and 6.1Å for the open and closed conformations, respectively) they confirmed the basic principles of gating suggested by the higher resolution closed state structures. Interestingly, they also noted an additional density in the cytosolic domains of the open state structure, which the authors suggested may represent endogenous FKBP that was bound to some but not all individual particles in the sample. Efremov and colleagues also noted considerable conformational heterogeneity with at least three different conformations for the closed state and four different conformations for the open state and suggested that the major contributor to this heterogeneity was the inherent flexibility of the cytosolic domain assembly.
In follow-up studies, des Georges and colleagues determined the structures of structures of the Ryanodine receptor bound to different combinations of EGTA, Ca 2+ , ATP, caffeine and ryanodine to explore the full range of conformational changes in the cytoplasmic domain and pore region, as well as the pseudo-voltage sensor (des Georges et al. 2016) . Whilst the resolution of these structures remains lower than ideally we would like to see, a clearer picture of the structural basis of channel gating in this complex channel has started to emerge and we refer the interested reader to an excellent recent review by Zalk & Marks, (2017) for a more detailed description of these findings.
Slo2.2 channels and the dynamics of ion channel gating
Cryo-EM is undoubtedly the technique of choice to use for determining multiple conformation states of ion channels by imaging the protein in different conditions, as discussed above for the TRP and RyR channels. However, it should be possible to capture distinct conformational states from a single sample provided there are enough particles from each conformational state.
The best demonstration of the possibility of this approach is a recent study of the Slo2.2 Na + -activated K + channel . Similar to the nAChR channels, Slo2.2 is a ligand-gated ion channel. Hite and Mackinnon exploited this property to determine structures of the open and closed conformations of the channel. They prepared samples with different concentrations of sodium ions (the ligand, ranging from 20 to 300 mM) prior to plunge-freezing to titrate occupancy of the different conformations. Particles from all samples were then combined and subjected to 3D classification as a single data set. The whole dataset with 461k particles was analysed and one 3D class was found to be sensitive to changes in the sodium ion concentration and represents the open conformation. Surprisingly, the conformational open probability in saturating ligand concentrations was projected to reach 100% and appeared to be much higher than the functional open probability of ß70%. The authors suggested this discrepancy is due to the fact that although the high ligand concentration pushed the global conformation of the channel to an open state, functionally around ß30% of these channels have subtle changes which render them non-conductive. Unfortunately, the resolution of these structures is still not sufficient to definitively determine such subtle structural or chemical factors, which are contributing to this non-conducting open state. This study has demonstrated that the structure of different conformational states can be determined from a single data set if large enough numbers of each of the conformations are present in the sample.
The Hite and Mackinon (2017) study has also highlighted the dynamic nature of ion channels. The nine closed state 3D classes were similar to each other, with the main differences being in the rotation of the gating ring. These classes appeared to represent a continuous distribution of conformation. The distribution of these classes didn't correlate with Na + concentration as demonstrated with the open state class. This study also highlights the power of numbers, i.e. if you can capture images of enough particles (hundreds of thousands in this case) then it should be possible to capture multiple substates as well as the major classes of conformational states (see Fig. 2 ). 
EAG channels and novel domain sensing architecture
In classical voltage-gated ion channels the 'voltage-sensor' domain of one subunit swaps over to interact with the pore domain of a neighbouring subunit (Long et al. 2005 (Long et al. , 2007 ). An intriguing finding to emerge from the recent cryo-EM studies on other members of the 6TM1P superfamily of ion channels was the appearance of a non-domain swapped voltage-sensor/pore domain architecture which was first clearly delineated in the ether-a-go-go gene (EAG) K + channel (Whicher & MacKinnon, 2016) . Furthermore, in the EAG family of ion channels it is possible to sever the link between the voltage-sensor and pore domains and yet still retain normal voltage-dependent gating (Lorinczi et al. 2015) , suggesting that the EAG channels may have a distinct mechanism for transducing voltage signalling to opening of the activation gate. Subsequently, this non-domain swapped architecture was also found to be present in the cyclic nucleotide-gated channel TAX-4 (Li et al. 2017a) , hyperpolarization-activated channel HCN1 (Lee & MacKinnon, 2017) , human ether-a-go-go-related gene (hERG) K + channel (Wang & MacKinnon, 2017 ) and the Na + -activated Slo2.2 K + channel . In retrospect, it is clear that the structure reported for the Slo2.2 channels in 2015 (i.e. prior to publication of the EAG channel structure) must have a non-domain-swapped architecture. However, this was not reported at the time, as it was not possible to determine the location of the S4S5 linker (Hite et al. 2015) . Presumably this was due to there being insufficient resolution in this region of the channel (ß5.2Å), and so it was not possible to definitively assign the voltage-sensor and pore domains to the same or different subunits. Conversely, the TRP and RyR receptors share the domain swapped architecture seen in the canonical voltage-gated ion channels. Within the non-domain swapped channels one common feature appears to be that gating is regulated by the binding of ligands to an intracellular domain that interacts with the voltage-sensor domain, thereby modulating voltage-sensor and gate movement. The hERG K + channels is one potential exception to this rule, as gating in these channels is not known to be regulated by any exogenous ligands. However, an intrinsic ligand, i.e. a component of the hERG K + channel itself, regulates gating by binding to the cyclic nucleotide homology domain (Ng et al. 2014) .
The most intriguing finding of all with regard to domain swapping is that from Sobolevsky & coworkers (Singh et al. 2017) , who showed that a point mutation in the TRPV6 pore domain could convert the channel from a voltage-sensor domain swapped architecture (WT) to a non-domain swapped architecture (mutant). This suggests that the energetic difference between these two architectures is probably very small and it is likely that during channel biogenesis and domain assembly there is an intermediate structure that determines whether channels adopt a voltage-sensor domain swapped architecture or not.
CFTR
The ability to control channel conformation using specific ligands is a powerful approach for deconvolving the 'what state is it?' question that confronts the interpretation of every ion channel structure (as described above for nAChR, RyR and Slo2.2). For most channels, however, we have poor or no pharmacological and/or toxinological tools that can be used to trap states. Hence, there is still considerable need to develop these tools to help unlock the power of cryo-EM to trap and assign states.
In the meantime, for channels where the steady-state distribution of conformational states cannot be biased by titration of ligand concentrations, an alternative approach to capturing different states is to study mutants that bias distributions. The cystic fibrosis transmembrane conductance regulator is an anion channel evolved from the ATP-binding cassette (ABC) transporter family (essentially a broken transporter; Gadsby, 2009) . Electrophysiology studies have shown that a glutamic acid to glutamine mutation could slow the pore-closing rate by ß1000-fold therefore greatly biasing channel occupancy in the open state (Vergani et al. 2005) . Zhang et al. used this mutation to try to capture the structure of the zebrafish CFTR in the open conformation . Whilst the structure has most of the characteristics expected of an open channel, the pore remained closed at the extracellular end. The authors suggest that the observed closed gated is due to the intraburst closure observed in electrophysiological recordings (Vergani et al. 2003) . The structure represents the average of the open and closed states and this is consistent with the less defined EM densities at the gate region. However, in electrophysiology records, the dwell time for the open state is much longer than the intraburst close state (Vergani et al. 2003) . The authors suggested that one possible explanation could be the existence of fast gating events that could not be resolved in electrophysiology recordings. Again, this illustrates the phenomenon of new experimental methods revealing new insights that forces us to think more carefully about old data and suggests new sets of experiments that can be done combining both the old and new methods.
Cryo-EM limitations
Resolution. Beam-induced motion will continue to affect resolution unless it can be completely avoided. Although sample movement can now be compensated using motion-correction algorithms, beam-induced motion is still problematic, as the movement is most severe when the beam first hits the sample. This is also when the structural information is still intact. High resolution information is lost when the motion is too strong to be corrected. Development of new algorithms and faster cameras has also improved motion correction by accounting for non-uniform localized movement (Zheng et al. 2017) . Recently, it has been shown that sample supports made entirely of gold can reduce the initial movement to below 2Å (Russo & Passmore, 2014) . A related issue is that signal to noise is a major hurdle to overcome in the chase to atomic level resolution. High defocus improves contrast but at the cost of reducing the maximum resolution of the final model. Improvements in phase plates (see below) will reduce the need for high defocus levels.
Structural basis of drug binding. Identifying drug interactions with ion channels is one of the most important areas of structural study, as many of these ion channels are important drug targets. At present, the resolution of cryo-EM structures is generally not as high as X-ray crystallography. In order to model drug binding, resolution below 2Å, at least in the area of the drug binding cavity, is highly desirable in order to precisely position the small molecules . Whilst there are structures that have been determined to 1.8Å resolution using cryo-EM (Merk et al. 2016) , for most ion channels the resolution has been in the range of 3-4Å (Table 1) . This is partly due to the highly dynamic nature of ion channels. The conformational heterogeneity becomes problematic when the differences are too small to be identified causing information to be averaged out in flexible regions (White et al. 2017) .
Ion channels pose another unique problem when there is a symmetry mismatch between drugs and channels. Many ion channels have rotational symmetry, which can facilitate structure determination. When a drug symmetrically binds to the channel and saturates all binding sites, it is possible to identify interacting residues on the channel . However, when the drug cannot bind in a symmetrical manner (e.g. the pore cavity of most ion channels where the drug can only occupy one of the four overlapping binding sites), symmetry cannot be applied during reconstruction. This effectively lowers the resolution for a given dataset and reduces the feasibility of obtaining detailed information on the chemical basis of drug binding. Furthermore, the ability to orient the particles based on such a small comparative asymmetry of just a few atoms would likely be impossible given the current equipment and techniques. One possibility to overcome this hurdle will be to combine cryo-EM studies at modest resolution with molecular dynamics simulations to gain significant insights into how drugs bind to ion channels (Vandenberg et al. 2017) .
Assessing model quality. The lack of adequate validation tests for assessing cryo-EM structure quality has been well recognized for many years (Henderson et al. 2012) . Prior to 2013 there were relatively few laboratories working with cryo-EM and they were very well aware of the limitations of the technology. For example, it is possible to reconstruct a desired high-resolution model simply from noise in the micrographs if data is not properly processed. This issue is eloquently described in a short review, 'Avoiding the pitfalls of single particle cryo-electron microscopy: Einstein from noise' , written by Richard Henderson (Henderson, 2013) .
As the cryo-EM technology becomes more robust and more 'non-experts' start to use it there is always a risk that simple errors can lead to flaws in interpretation of the quality of a structure. The current gold standard relies on the Fourier shell correlation (Rosenthal & Henderson, 2003; Rosenthal & Rubinstein, 2015) , which gives an indication of the correlation between two independently refined half-maps. This is, however, more akin to a consistency score for the selected particles rather than an absolute measure of the resolution and does not represent the quality of the fitted model. Recently, the Lander lab devised an alternative multi-model approach to assess the quality of EM models on a residue-by-residue basis. Multiple structures are modelled using the EM map as constraint and the structures are scored using structural analysis programs. The top 10 scored structures are then used for RMSD calculation. Regions with low RMSD score represent well-ordered density while less well-defined regions will have high RMSD scores. This provides information on the quality of the fitted model and care can then be taken when interpreting structures in the less defined region. In addition, regions with high RMSD could also represent high flexibility that may be very important for protein function. The Lander lab have applied this approach to most of the cryo-EM structures determined to date and the results are posted on their lab website: http://www.lander-lab.com/convergence/.
What does the future hold?
Single particle cryo-EM requires proteins to be purified from their native environment. Ion channels have to be extracted from the lipid bilayer (most commonly using detergents), which may affect their functions. Exciting developments in cryo-electron tomography (cryo-ET) will enable us to determine sub-nanometre resolution structures of proteins, including ion channels, in situ by averaging molecules in tomograms to improve signal-to-noise ratio (subtomogram averaging). In addition to improvements in camera technology and computing algorithms, cryo-ET is further improved by the development of the volta phase plates (VPP) and the use of cryo focus ion beam (cryo-FIB) milling for sample preparation.
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Cryo-ET has already started to be employed for larger protein complexes such as determination of ATP synthase structures in intact mitochondria (Davies et al. 2012) , investigation of nuclear pore complexes (Beck et al. 2007; Maimon et al. 2012) , ribosomes (Mahamid et al. 2016) and the 26S proteasome (Asano et al. 2015) . Some of these complexes are as small as 25 nm (Asano et al. 2015) , which is comparable to the size of RyR1 and RyR2 (Peng et al. 2016) . Typically, these experiments have a resolution of ß2 nm but sub-nanometre resolution is achievable for larger complexes (Pfeffer et al. 2015) . Global architectures of the protein can be studied and high resolution structure from crystal or single particle EM can be fitted into the 3D model to identify changes in subunit interactions (Stewart et al. 2012) . In the case of ion channels, one can immediately imagine how powerful this technique could be for studying RyR-I CaL interactions during excitation-contraction coupling. One could also start to manipulate phosphorylation status in intact cells to start addressing how signalling pathways modulate channel structure (and function) in situ.
Advancement in sample preparation for single particle cryo-EM will enable us to dissect the molecular rearrangement during gating movements on the millisecond timescale. Time-resolved cryo-EM was originally applied by Unwin to study the opening of acetylcholine receptor by spraying droplets of acetylcholine on the receptor immediately (5 ms) before vitrification to capture the open conformation (Unwin, 1995; Unwin & Fujiyoshi, 2012) . More recently similar techniques have been used to study the formation of the ribosome providing structural information on the millisecond scale . Recent developments in fast-mixing microfluidic devices and microsprayers (Feng et al. 2017) for grid preparation have shown some promising results. Perhaps in the near future we will be able to dissect not only the steady-state conformations but also the channel gating motions on the millisecond timescale and better understand these nano-machines that are never at rest.
Conclusions
Technological advances in cryo-electron microscopy over the last 5 years represents yet another significant step forward in our quest to understand the structural basis of the extraordinary feats of molecular gymnastics that underlie ion channel gating. Undoubtedly, many more structures will be worked out in the next few years, and these efforts are likely to focus on the use of ligands and/or mutations to elucidate the structures of different conformational states. In the not too distant future we should also start to see structures of channels in liposomes or intact cells determined using cryo-electron tomography.
